The cortico-thalamocortical network is relevant to music performance in that the network can regulate sensitivity to afferent input or sound, mediate the integration of multimodal information required for the performance, and play a role in skilled performance control.
Introduction

The thalamocortical network
The thalamocortical network is critically involved in a vast majority of brain functions, such as cognition, language, music, and behavior (De Witte et al., 2011) . The thalamus sends afferent fibers to and receives efferent fibers from many cortical areas, including not only primary sensory cortices but also motor and association cortical areas (Sherman and Guillery, 2011; Ward, 2013) . In the interaction between the thalamus and the cortex, however, different interacting schemes emerge from the distinct architecture of the thalamocortical network (Guillery and Sherman, 2002; Sherman and Guillery, 2011; Sherman, 2016) . One of the roles of the thalamocortical network is to relay peripheral sensory signals to the primary sensory cortex (McCormick and Bal, 1994) . This is mediated by the first-order thalamic relay, terminating in layer 4 of the cortex (Guillery and Sherman, 2002; Sherman and Guillery, 2011; Sherman, 2016) . The thalamocortical network has also been suggested to mediate higher-order relay (Guillery and Sherman, 2002; Sherman and Guillery, 2011; Sherman, 2016) . The glutamatergic neurons in layer 5 of the cortex send axons to the thalamus. The signal is then sent back to the cortex by the higher-order thalamic relay. This cortico-thalamocortical pathway is suggested to play a role in ongoing cortical functioning and in monitoring of motor output via efference copy (Sherman and Guillery, 2011; Sherman, 2016) . The corticothalamocortical pathway is thus considered to mediate dynamic cortico-cortical association through communication between different cortical areas via the thalamus.
Interestingly, studies have suggested that the corticothalamocortical network also mediates higher functions such as language processing and memory retrieval (Crosson, 2013; Llano, 2013; Pergola et al., 2013; Bohsali et al., 2015) . A recent diffusion-weighted magnetic resonance imaging (MRI) study demonstrated structural connections between Broca's area and the thalamus (Bohsali et al., 2015) . The authors argued that this thalamocortical network "may serve to selectively recruit cortical regions storing multimodal features of lexical items and to bind them together during lexical-semantic processing" (p.80) (Bohsali et al., 2015) . This study further suggested information transfer and modulation between Brodmann areas 44 and 45, subregions of Broca's area. The corticothalamocortical network is also involved in memory functions. Lesions in the thalamus cause amnesia, diencephalic amnesia, and accompanying severe anterograde episodic memory impairments (Kopelman, 2015) . Diencephalic amnesia is characterized by impairments in memory of temporal sequence, whereas medial temporal lobe amnesia is characterized by impairments in spatial memory (Kopelman, 2015) . Memory impairments caused by thalamic lesions are not restricted to episodic memory. Semantic retrieval is also disrupted by lesions in the thalamus, particularly in the left medial thalamus (Pergola et al., 2013) . The dynamics of the corticothalamocortical circuit have been studied computationally, demonstrating the capability of this circuit to manipulate spatial working memory representation (Miyashita et al., 2003; Tabuchi and Tanaka, 2003) .
The thalamocortical network for music
Involvement of the precuneus and posterior cingulate cortex (PCC) in musical processing has been suggested (Spada et al., 2014; Raglio et al., 2015; Tanaka and Kirino, 2016a) . These brain regions process mental imagery (Cavanna and Trimble, 2006; Gardini et al., 2009) , which requires the integration of multimodal information. The integration of multimodal information appears to be critical for music performance. A recent EEG study employing an auditory oddball task with congruent/incongruent visual stimuli demonstrated that musicians evoked larger mismatch negativity and P300 event-related potentials than nonmusicians, which is suggestive of more efficient audiovisual integration in musicians (Nichols and Grahn, 2016) . Different dimensions of musical information, such as rhythm and melody, are processed in different cortical and subcortical regions (Bengtsson and Ullén, 2006) . In addition to corticocortical association networks, therefore, the corticothalamocortical network would also mediate the integration of different kinds of information (Sherman and Guillery, 2011) . Recently, Musacchia and colleagues (Musacchia et al., 2014) reviewed the literature to investigate the mechanism underlying the integration of separately represented musical tonal and rhythmic information, as the thalamocortical network conveys these two types of information separately to the cortex. Based on the "core" and "matrix" model of the thalamocortical network (Jones, 1998; Jones, 2001) , they proposed that acoustic information forms a driver input to layer 4 of the auditory cortex while rhythmic information forms a modulatory input to the supragranular layers. Thus, rhythm modulates the neuronal dynamics of the auditory cortex through the corticothalamocortical network.
The network for skill learning
Skilled motor control is a critical feature of music performance, in which the cortico-striatopallido-thalamocortical (CSPTC) network plays a central role (Graybiel, 2005) . In the CSPTC network, the basal ganglia, receiving converging cortical efferents, provide input to the thalamus, which sends afferents to cortical areas through the thalamocortical network (Alexander et al., 1986; Goldberg et al., 2013) . There are several CSPTC networks working in parallel, each of which corresponds to a different function (Alexander et al., 1986) . For example, the CSPTC network with the putamen as the striatal node is responsible for skill learning and motor control (Graybiel, 2005) . A recent functional MRI (fMRI) study investigating the corticostriatal network found that musicians have a more selective CSPTC network with a smaller degree of connectivity, compared with nonmusicians (Tanaka and Kirino, 2016b) . To the best of our knowledge, the reorganization of the CSPTC network in musicians has never been reported elsewhere. However, this result does not necessarily mean that skill is not important in music performance. Rather, this result suggests that the selective network is a consequence of network reorganization optimized for music performance. This finding is consistent with previous anatomical MRI studies showing a smaller volume of the striatum in musicians as well as in ballet dancers (Hänggi et al., 2010; James et al., 2014; Sato et al., 2015) .
Hypothesis
The corticothalamocortical network is relevant to music performance in that the network can regulate sensitivity to afferent input or sound, mediate the integration of multimodal information relevant to performance, and play a role in skilled performance control as a part of the CSPTC circuit. Therefore, we predicted that this network would be reorganized as a consequence of long-term musical training. To test this hypothesis, we examined the resting-state functional connectivity of the thalamocortical network in musicians and nonmusicians.
Results
Voxel functional connectivity
We analyzed seed-to-voxel functional connectivity of the thalamus. The functional connectivity of the left thalamus showed greater group differences than that of the right thalamus. Figures 1 and 2 show the functional connectivity maps of the left thalamus. The group comparison showed that a region extending across the precuneus and PCC had significantly stronger connectivity with the left thalamus in musicians compared with that in nonmusicians [T(1,68) ≥ 3.21, k = 854, p = 0.000043, family-wise error (FWE) corrected].
There was no region whose connectivity with the left thalamus was weaker in musicians than in nonmusicians. For the right thalamus, there was no region showing a significant between-group difference in functional connectivity with the right thalamus.
Network organization
ROI-to-ROI functional connectivity analysis provided the connectivity matrix of the thalamus with the remaining 130 ROIs. First, we compared the connectivity between musicians and nonmusicians. The ROIs showing larger group differences in the functional connectivity with the left thalamus are listed in Table 1 . Then, the 130 connections were subjected to hierarchical cluster analysis; from this, we extracted groups of functional connections that can be considered to work cooperatively (Figure 3) . The clusters in musicians included: (i) the precuneus/PCC, hippocampus, and parahippocampal cortex; (ii) the auditory and opercular/insular regions; (iii) the anterior cingulate cortex (ACC), putamen, pallidum, frontal operculum (FO), inferior frontal gyrus (IFG), and anterior supramarginal gyrus (aSMG); (iv) the caudate nucleus, paracingulate gyrus, amygdala, nucleus accumbens, superior frontal gyrus (SFG), and frontal pole (FP); (v) cerebellar regions; and (vi) visual areas. The first and second clusters differed between musicians and nonmusicians. In musicians, the first cluster was merged with the temporal pole (TP), inferior temporal gyrus (ITG), temporal fusiform cortex (TFusC), and amygdala. The second cluster in nonmusicians did not include the planum temporale (PT) or central operculum (CO). 
Discriminant analysis
A quadratic discriminant analysis was performed using estimated functional connectivity data as the predictors of membership in the two groups. First, we used the functional connectivity of the left thalamus with the precuneus and PCC because these regions showed larger group differences in connectivity than other regions. Using this method, 22 out of 35 musicians were correctly classified as musicians, and 26 out of 35 nonmusicians were correctly classified as nonmusicians. Thus, the rate of correct classification was 68.6%. We then used the 11 ROIs listed in Table 1 , which showed larger between-group differences in functional connectivity with the left thalamus. Using this method, 32 out of 35 musicians were correctly classified as musicians and 29 out of 35 nonmusicians were correctly classified as nonmusicians. The rate of correct classification was thus 87.1%.
Discussion
Connectivity profile
The functional connectivity profile of the thalamocortical network was extracted by the seed-to-voxel analysis with the thalamus as the seed region. The connectivity profile in musicians was characterized by larger distributions of voxels in the precuneus and PCC, the posterior portion of the cortical midline structures, and the opercular regions. The group comparison showed that the region extending across the precuneus and PCC had significantly stronger connectivity with the left thalamus in musicians compared with nonmusicians, which suggests an important role of the connectivity between the left thalamus and the precuneus/PCC in musical processing.
Network reorganization
The results of the cluster analysis of the thalamocortical network, based on the ROI-to-ROI connectivity results, showed that the network in musicians is organized differently from the network in nonmusicians. First, the cluster containing the precuneus/PCC, hippocampus, and parahippocampal cortex was extracted in the analysis of musicians but not in nonmusicians. These regions, as principal nodes of the default mode network (DMN), are associated with the manipulation of mental imagery and episodic memory . This suggests that conceiving mental imagery, such as a landscape and an auditory scene (Spada et al., 2014) , aids musical expression.
Second, the superior temporal auditory areas (i.e., Heschl's gyrus [HG] , the PT, and planum polare [PP] ) and the opercular/insular regions (i.e., the CO, parietal operculum [PO] , and insular cortex [IC]) were clustered together in musicians. In nonmusicians, this cluster was incomplete, lacking the PT and CO. The formation of this cluster possibly reflects higher sensitivity to afferent sound information in musicians. The PP is involved in higher-order acoustic processing; it has been shown not only to be involved in the spectro-temporal decomposition of sound, but it also plays an active and important role in the perception of sound categories, particularly in music (Angulo-Perkins et al., 2014) . A recent study suggested that this brain region is also related to auditory memory (Kim and Knosche, 2016) . Because the opercular/insular regions process interoceptive and emotional information (Craig, 2009; Couto et al., 2013) , this cluster could be expected to contribute to an association of auditory processing of music with emotional expression. The processed information would be integrated with mental imagery processed in the first cluster through the higher-order corticothalamocortical network.
The third cluster includes the ACC, putamen, pallidum, and FO. The ACC and FO, constituting the cingulo-opercular network, are involved in top-down control of cognitive functions (Dosenbach et al., 2008; Wallis et al., 2015) and might, therefore, contribute to top-down control of music performance. The putamen and pallidum, regions of the basal ganglia, are nodes of the CSPTC loop network (Alexander et al., 1986; Graybiel, 2005) . In other words, the thalamocortical connection with this cluster constitutes a part of the CSPTC loop. A recent functional connectivity study suggested that musicians have a diminished and more selective corticostriatal network than nonmusicians (Tanaka and Kirino, 2016b) .
Consistent with this result, this cluster was smaller in musicians than in nonmusicians.
The fourth cluster, consisting of the caudate nucleus, paracingulate gyrus, nucleus accumbens, and amygdala, may be related to emotional responses to music (Blood and Zatorre, 2001; Koelsch, 2010 Koelsch, , 2014 . In nonmusicians, however, the amygdala was included in the first cluster, together with the precuneus and PCC, which is indicative of an enhanced association between strong emotions and episodic memories.
The cerebellar regions were clustered together. The cerebellum has been associated with a vast array of functions including motor control, cognition, and emotion (Strick et al., 2009; Adamaszek et al., 2016) and might contribute to music perception (Tölgyesi and Evers, 2014 ). These functions have been suggested to be mediated by transthalamic interaction between the cerebellum and the cerebral cortex (Caligiore et al., 2017) .
Lastly, we also extracted the cluster including the cuneal, lateral occipital cortex (LOC), occipital fusiform gyrus (OFusG), and occipital pole (OP), which showed negative connectivity. Negative connectivity was also observed in the IFG in another cluster. We speculate that these results were due to the resting-state experimental condition, in which the participants kept their eyes closed and tried to think about nothing in particular. Further investigations are needed to clarify this issue.
Discriminant analysis
The reorganization of the thalamocortical network in musicians was tested by discriminant analysis. We reasoned that if network organization was different between groups, musicians could be discriminated from nonmusicians by using the functional connectivity of the network as a predictor for group membership. The correct classification rate was 87.1%
when we used the functional connectivity between the left thalamus and the 11 ROIs; these ROIs were chosen because they showed larger between-group functional connectivity differences. This finding suggests that connectivity between the left thalamus and these 11 regions characterizes the thalamocortical network of musicians. Discrimination using only the precuneus and PCC as predictors yielded a correct rate of 68.6%. This rate is not considered to be low, which indicates the importance of these connections in characterizing the thalamocortical network in musicians.
Multimodal integration
Music performance requires the ongoing integration of multimodal information (Zatorre and Halpern, 2005; Zatorre et al., 2007) , which is accomplished by interactions between brain regions carrying information from different modalities. For example, singing or playing a musical instrument while reading a musical score requires integration of visual, auditory, and kinesthetic modalities. The thalamocortical network can mediate such multimodal integration by linking many cortical and subcortical regions via the corticothalamocortical connections (Guillery and Sherman, 2002; Ward, 2013) . We have shown that these connections are more extensive in musicians than in nonmusicians. The coactivation of different cortical areas that has been observed to date in musicians could be explained, at least in part, by these enhanced connections. High-density electroencephalography studies have also detected enhanced resting-state connectivity between brain regions supporting auditory, somatosensory, motor, and cognitive functions (Klein et al., 2016) . The notion of associations between cortical areas via the corticothalamocortical network provides us with a new clue as to the mechanisms behind the manipulation of multimodal information that is required for music performance. In this study, the connectivity of the thalamus with the precuneus/PCC regions as well as the auditory areas was enhanced in musicians compared with nonmusicians. The enhancement of thalamocortical connectivity with auditory areas is consistent with previous studies, which have demonstrated greater responses of the auditory cortex to auditory stimuli, including music, in musicians compared with nonmusicians, indicative of music-induced neuroplasticity (Baumann et al., 2008; Pantev and Herholz, 2011; Coffey et al., 2016) . A recent functional connectivity analysis showed enhanced connectivity of the precuneus with opercular/insular regions, auditory areas, and the lateral occipital cortex in musicians compared with that in nonmusicians (Tanaka and Kirino, 2016a) . The opercular/insular regions are associated with interoceptive and emotional processing (Zaki et al., 2012) . The reorganized architecture of the thalamocortical network in musicians would, thus, contribute to the multimodal integration required for music performance.
Integrating mental imagery with sound
The enhanced functional connectivity between the thalamus and the precuneus/PCC in musicians is intriguing from a network perspective of the brain. The precuneus/PCC regions are associated with mental imagery and episodic memory (Cavanna and Trimble, 2006; but not with the processing of sensory or motor information. Therefore, according to the driver/modulator model of the thalamocortical network (Guillery and Sherman, 2002) , the precuneus/PCC regions may send modulatory efferents to the thalamus, and the thalamic neurons may send axons to auditory areas. Given the enhanced thalamocortical connectivity with auditory areas in musicians, mental imagery might be processed in cooperation with auditory (musical sound)
processing. An important function of the thalamocortical network is the control of signal-tonoise ratio or gating functions (McCormick and Bal, 1994) . A modulatory input from the precuneus/PCC would increase (or decrease if necessary) the signal-to-noise ratios of sound to which the subject is attending. Two clusters of the thalamocortical connections extracted in this study-mental imagery and auditory clusters-would facilitate information transmission regarding mental imagery and sound. Thus, the reorganized thalamocortical network in musicians is considered to integrate mental imagery with sound. Mental imagery is important to musicians; mental imagery is utilized by music performers for mental practice away from the instrument, the silent reading of musical scores, and conceiving the ideal sound during performance (Zatorre and Halpern, 2005; Keller, 2012 ).
The present study and a previous one (Tanaka and Kirino, 2016a) highlight the importance of the precuneus/PCC in musical processing. The processing of mental imagery and episodic memory requires the association of relevant pieces of information. Because the precuneus and PCC are principal nodes of the DMN, these regions can access a wide variety of information, such as self-reflection, Theory of Mind, social and emotional information, episodic memory, and prospection (Addis et al., 2007; Buckner et al., 2008; Harrison et al., 2008) . The DMN is also associated with creativity (Beaty et al., 2014) . The essential feature of the DMN is that its processing is linked to or based on personal experiences of the subject; thus, the mental imagery processed in the precuneus/PCC could also reflect personal information. For example, an fMRI study reported that a female professional soprano singer showed activation of the precuneus, cuneus, thalamus, and cerebellum while listening to her own songs compared with when listening to songs of others (Zaytseva et al., 2014) . This result can be interpreted according to this framework; mental imagery of the song voices was created in the precuneus via the thalamocortical or cerebellothalamocortical network, and the subject distinguished her song from others' songs based on her personal mental imagery. One advantage of this strategy would be that the mental imagery created from sound differs dramatically, while acoustically, the original sound differs only slightly.
Limitations
This study, based on resting-state functional connectivity analysis, suggests that the corticothalamocortical network in musicians can efficiently process mental imagery for music performance. To elucidate this mechanism, however, an analysis of functional connectivity during music performance should be made. In addition, this study extracted cortical regions that were connected with the thalamus but did not examine subregions of the thalamus, which have different connectivity patterns (Nair et al., 2015; O'Muircheartaigh et al., 2015) . Therefore, more detailed network analysis will be needed in future studies.
Conclusion
Musicians have a characteristically organized thalamocortical network with a larger distribution of thalamocortical functional connectivity in the cortical midline structures compared with that in nonmusicians. The thalamocortical connectivity with the precuneus/PCC, as well as with the auditory areas in the temporal cortex, is enhanced in musicians. Because the precuneus/PCC regions play a pivotal role in the manipulation of mental imagery, we further propose the hypothesis, to be tested in a future study, that the reorganized thalamocortical network in musicians contributes to not only higher sensitivity to sound but also to the integration of mental imagery with sound, which are presumed to be important for better music performance.
Materials and methods
Ethical issues
All study procedures were approved by the ethics committees of Sophia University and Juntendo University. All subjects provided written informed consent before participation in the study.
Participants
This study recruited students at a music school (n = 35; age, 18-27 years; mean age, 21.7 years), including undergraduate (n = 28) and graduate students (n = 7). Control subjects were university students majoring in nonmusic disciplines (n = 35; age, 18-27 years; mean age, 21.0 years), including undergraduate (n = 30) and graduate students (n = 5). All participants were healthy, right-handed Japanese women with no history of neurological or neuropsychiatric disorders. The students majoring in music had begun musical training at 3-5 years of age and continued through the start of the present study (i.e., musical training longer than 15 years). All of them had actively participated in concert performances. These students specialized in classical music played on various instruments (piano, violin, cello, contrabass, clarinet, or trumpet) . The majors of nonmusicians were diverse, including literature, philosophy, psychology, economics, and science and engineering. All participants completed imaging, and these data were used for the analysis of this study.
Image acquisition
Whole-brain images were acquired on a Philips Achieva 3.0 Tesla MRI scanner with 32-channel head coils. High-resolution T1-weighted images were collected from the participants for anatomical reference using 3D magnetization-prepared rapid acquisition 
Preprocessing
Imaging data were preprocessed using the CONN toolbox (Whitfield-Gabrieli and NietoCastanon, 2012) running on MATLAB (version 8.6.0, R2015b; MathWorks, Inc., Natick, MA, USA). The fMRI data were co-registered to each participant's T1 image. The first 4 volumes were discarded, and the remaining 196 volumes were subjected to preprocessing. The slice timing was corrected according to the slice order. The fMRI data were realigned and subsequently normalized to the standard Montreal Neurological Institute template as implemented in the Statistical Parametric Mapping software platform. Image artifacts originating from head movement were handled using the ART scrubbing procedure (www.nitrc.org/projects/artifact_detect/). Signal contributions from white brain matter, cerebrospinal fluid, and micro head movement (6 parameters) were regressed out from the data. The fMRI data were bandpass filtered (0.008-0.09 Hz). All functional images were spatially smoothed using a Gaussian filter kernel (FWHM = 8 mm) for the subsequent seedto-voxel analysis.
Analyses
The seed-to-voxel functional connectivity analysis was performed using the CONN toolbox.
The seed was the thalamus, either the left or right. Pearson's correlation coefficients were calculated between the time course of the thalamus and the time courses of all other voxels, which provided a seed-to-voxel connectivity matrix. Positive and negative correlation coefficients defined positive and negative functional connectivity, respectively (WhitfieldGabrieli and Nieto-Castanon, 2012). The correlation coefficients were then converted to normally distributed scores using Fisher's transform, which were subsequently used in the population-level analysis. The connectivity matrix with converted scores was compared between the musician and nonmusician groups. The height-threshold of p < 0.001, uncorrected, was applied to individual voxels to define clusters. The threshold for the extracted clusters was set to p < 0.05 with the FWE correction.
Next, we performed the ROI-to-ROI analysis. For each subject, the residual BOLD time courses were extracted from 132 ROIs covering the whole brain, and the correlations were calculated from the time courses. The set of ROIs, implemented in the CONN toolbox, was based on the Harvard-Oxford Atlas. The correlation coefficients were converted to normally distributed scores using Fisher's transform. The connectivity matrix of the thalamus with the remaining 130 ROIs was constructed. To examine the network organization of the thalamus, hierarchical cluster analysis (Hastie et al., 2009 ) was performed.
We further performed a discriminant analysis to determine whether the organization of the thalamocortical network is distinguishable between musicians and nonmusicians.
Discriminant analysis attempts to predict group membership from a set of predictors (Tabachnick and Fidell, 2007) . In the current analysis, the predictors were the ROI-to-ROI functional connectivity data obtained in the above analysis. We used the quadratic discriminant analysis, qda, implemented in the R programming language and environment for statistical computing (The R Project, https://www.r-project.org/). 
Figure Legends
